Gne also has some UDP-glucose-4-epimerase (EC 5.1.3.2) activity, as it restores the core production of an Escherichia coli K-12 galE mutant. The three-dimensional structure of Gne was modeled based on the crystal structure of E. coli GalE. Detailed structural comparison of the active sites of Gne and GalE revealed that additional space is required to accommodate the N-acetyl group in Gne and that this space is occupied by two Tyr residues in GalE whereas the corresponding residues present in Gne are Leu136 and Cys297. The Gne Leu136Tyr and Cys297Tyr variants completely lost the UDP-N-acetylglucosamine-4-epimerase activity while retaining the ability to complement the LPS phenotype of the E. coli galE mutant. Finally, we report that Yersinia Wzx has relaxed specificity for the translocated oligosaccharide, contrary to Wzy, which is strictly specific for the O-unit to be polymerized.
Lipopolysaccharide (LPS) is the major component of the outer leaflet of the outer membranes of gram-negative bacteria. The LPS molecule contains three structural parts: (i) the O-antigen, a polysaccharide region that protrudes into its surroundings; (ii) the core, an oligosaccharide often rich in negatively charged groups; and (iii) the lipid A, a polar glycolipid in which a disaccharide backbone is replaced with six or seven saturated fatty acids (33) . It is common for the genes required for synthesis of the different LPS parts to be clustered in separated loci. In Yersinia, the O-antigen gene cluster (hereafter referred to as the wb cluster) lies between the hemH and gsk genes in the chromosome (37) . This location is different from those in Escherichia coli and Salmonella enterica, where the wb cluster is closely linked to the gnd locus, which lies upstream of the his operon (6, 35) .
The biosynthesis of heteropolymeric O-antigens whose O-units are composed of different sugar residues starts in the cytoplasm by the activation of sugar 1-phosphates in a reaction with one of the nucleoside triphosphates, followed by different biosynthetic pathways to give rise to individual nucleoside diphosphate (NDP)-activated sugar precursors. The assembly of the O-units takes place on the cytoplasmic face of the inner membrane and involves an initiation process that transfers the first sugar residue from the NDP sugar precursor onto a lipid carrier, undecaprenylphosphate, followed by sequential transfer of the other sugar residues from the respective NDP sugar precursors by specific glycosyltransferases. The completed O-units still assembled on the undecaprenylphosphate are translocated by the O-unit flippase, Wzx, across the inner membrane to the periplasmic face. There, the O-units are polymerized by the O-antigen polymerase, Wzy, into an O-antigen that is ligated to the lipid A core structure by the O-antigen ligase encoded by the waaL gene of the core gene cluster (for a review, see reference 49).
The O-antigen polysaccharide of Yersinia enterocolitica serotype O:8 is formed by branched pentasaccharide repeat units that contain N-acetylgalactosamine (GalNAc), L-fucose (Fuc), D-galactose (Gal), D-mannose (Man), and 6-deoxy-D-gulose (6d-Gul). The adjacent repeat units are joined together by a (134) glycosidic bond between GalNAc and Man residues (47) . Previously, we determined the Y. enterocolitica O:8 wb cluster sequence (GenBank accession number U46859) that spans 19 kb of chromosomal DNA and contains a total of 18 genes (51, 53) . Based on sequence similarities, we were able to identify the genes for the biosynthesis of GDP-Man, GDP-L-Fuc, CDP-6d-Gul, and UDPGal and for the respective glycosyltransferases. However, direct biochemical and/or genetic evidence to confirm these annotations remained to be found. In addition, based on sequence similarity, we identified the gene for the O-unit flippase (Wzx), and on phenotypic and genetic bases we identified the gene for the Oantigen polymerase (Wzy) (53) . After this analysis, only two genes of the cluster remained without assigned functions (wbcE and wbcF), and they were speculated to encode biosynthetic proteins (51) .
The Y. enterocolitica O:8 LPS has a characteristic preferred O-antigen chain length of about 7 to 10 repeat units. In E. coli, Salmonella, and Shigella, the O-antigen chain length is controlled by the chain length determinant (Wzz) in a manner that is not yet completely understood (3, 5) , and a similar protein is expected to be present in Y. enterocolitica O:8 as well. In the cloned wb cluster, we did not find a gene for Wzz (51) , but this was not unexpected, since in some organisms the wzz gene is located outside the wb cluster, although it is usually found closely linked to it (3) (4) (5) .
Subsequently, Pierson and Carlson challenged the annotation of the last two wb cluster genes, galE and wzy, after studying a polar transposon insertion mutant with the transposon inserted into the galE gene (32). In our work, the wzy gene was assigned based on the semirough LPS (SR-LPS) phenotype, i.e., a single O-unit attached to the lipid A core, that a cosmid expressing the wb cluster without the wzy gene showed in E. coli and on the galE gene, because of its sequence homology to known galE genes (53). However, Pierson and Carlson showed that the galE product is not involved in the synthesis of UDP-Gal as we suggested, and they conclusively demonstrated that there is a true galE gene elsewhere in the Y. enterocolitica O:8 chromosome. Therefore, they named the gene present in the wb cluster lse (for LPS sugar epimerase), but no further studies were performed to characterize its function. Complementation of the transposon mutant with the galE gene alone allowed the strain to produce O-units but resulted in an LPS with a nonmodal distribution of O-antigen lengths, with the majority of the O-antigens having less than four or five repeat units. As this nonmodal LPS pattern of the complemented Y. enterocolitica O:8 galE/lse mutant resembled that seen in wzz mutants, they named the wzy gene downstream of the galE/lse gene rol (the old name for wzz). However, in E. coli, Salmonella, and Shigella, where the function of Wzz has been more thoroughly studied, the LPS patterns of wzz mutants have been somewhat different (3) (4) (5) . Instead of accumulation of short O-antigens, the O-antigen lengths in wzz strains are distributed over a very broad range from one to tens of units per O-antigen. Thus, one could speculate that the LPS pattern seen in the complemented Y. enterocolitica O:8 galE/lse mutant could also be an indication of low Wzy activity (37) .
These unsettled issues, and also computer prediction data from other O-antigen gene cluster sequencing projects (38) , prompted us to clarify the functions of the Y. enterocolitica O:8 genes. In this report, we conclusively show that the wzy/rol gene is wzz and indeed encodes the chain length determinant as suggested by Pierson and Carlson (32) . We further show that the wbcE gene is the true wzy gene encoding the O-antigen polymerase, and finally, we provide biochemical and genetic evidence showing that the galE/lse gene product is the UDP-N-acetylglucosamine-4-epimerase (EC 5. 1.3.7) and rename the gene gne.
MATERIALS AND METHODS
Bacterial strains, plasmids, media, and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . Typically, Y. enterocolitica and E. coli strains were grown in Luria-Bertani medium and tryptic soy broth (TSB) at either 22 to 25 (room temperature [RT]) or 37°C. When appropriate, antibiotics were added to the growth medium at the following concentrations: ampicillin, 100 g/ml; kanamycin, 100 g/ml in agar plates and 20 g/ml in broth; and chloramphenicol, 20 g/ml.
Construction of strain YeO8c-⌬WzzGB, a chromosomal wzz knockout mutant of strain YeO8c. A DNA fragment between positions 18196 and 21012 of the wb gene cluster sequence (accession number U46859) carrying the gne (galE/lse) and wzz (wzy/rol) genes was amplified by PCR using primers LZ4 and Yerfb2ext (Table 2) . Amplifications were carried out in a 50-l reaction mixture containing 25 pmol of each primer, 400 ng of strain YeO8c chromosomal DNA, 300 M deoxynucleoside triphosphate mixture, 2 mM MgSO 4 , and 1 U of Vent DNA polymerase (2 U/l; New England BioLabs, Beverly, Mass.). The PCR steps (94°C for 30 s, 48°C for 30 s, and 72°C for 3.5 min) were repeated 25 times, followed by a 10-min extension time at 72°C. The 2.8-kb PCR product was gel purified and cloned into the SmaI site of pUC18 to obtain pUC18-1. Then, the PCR mutagenesis method described by Byrappa et al. (7) was used to delete an internal fragment of the wzz gene from pUC18-1. Primers co-3 and co-4 were designed to generate both a 688-nucleotide deletion and a new NruI site in pUC18-1. Amplifications were carried out in a 50-l reaction volume containing 25 pmol of each 5Ј-phosphorylated primer, 400 ng of purified pUC18-1 plasmid, and 1 U of Vent DNA polymerase. The PCR steps (94°C for 30 s, 49°C for 30 s, and 72°C for 7 min) were repeated 15 times. The 4.8-kb band was gel purified and self-ligated to obtain pUC18-3. A terminatorless kanamycin GenBlock cassette (GB) was obtained by PstI digestion of pSB315 ( Table 1) . The 1-kb GB fragment was gel purified, blunt ended by T4 DNA polymerase treatment, and cloned into the NruI site of pUC18-3. A clone carrying the GB in the transcriptional orientation of the wzz gene was obtained and named pUC18-5. Subsequently, the 3.1-kb PvuII fragment of pUC18-5 was gel purified and cloned into the EcoRV site of the suicide vector pRV1 to obtain pRV1-⌬WzzGB. This plasmid was transformed into E. coli Sm10 pir, from which the plasmid was mobilized into strain YeO8c. Ten Km r Clm r transconjugants, with pRV1-⌬WzzGB integrated into the genome by homologous recombination, were pooled and subjected to cycloserine enrichment to select for derivatives that had the vector sequences deleted from the genome by a second homologous-recombination event (13, 31) . One Km r Clm s recombinant surviving the cycloserine enrichment was selected and named YeO8c-⌬WzzGB. The mutant genotype was confirmed by Southern blot analysis and by PCR using primers LZ69 and LZ43 ( Table 2) .
Construction of strain YeO8c-WbcEGB. A 2-kb AclI-ClaI DNA fragment (between positions 8567 and 10651 of U46859) obtained from pLZ6020 was cloned into the AccI site of pEL, a pUC18 derivative lacking the unique EcoRI site of the polylinker region, to obtain pELwbcE. The pELwbcE plasmid had a unique EcoRI site in the wbcE coding region at position 9075. The GB fragment obtained by EcoRI digestion of pSB315 was gel purified and cloned into the EcoRI site of pELwbcE. A clone carrying the GB in the transcriptional orientation of the wbcE gene was obtained and named pELwbcEGB. A 3.2-kb PvuII fragment of pELwbcEGB was gel purified and cloned into the EcoRV site of the suicide vector pRV1, giving pRV1-wbcEGB. This plasmid was transformed into E. coli Sm10 pir, and to introduce the wbcE::GB allele into strain YeO8c, the strategy outlined above for the wzz gene was followed. One Km r Clm s recombinant surviving the cycloserine enrichment was selected and named YeO8c-WbcEGB. The mutant genotype was confirmed by PCR using primers o8wb10719r and o8wb8268f (Table 2 and data not shown).
Construction of pEEgne and pRV28. pUC18-1, which contains the Y. enterocolitica O:8 gne gene, was digested with HpaI and SalI, and the resulting fragments were blunt ended by Klenow treatment. Next, the gne-carrying 1.7-kb fragment was gel purified, ligated into the EcoRV site of pTM100, and transformed into E. coli C600. A plasmid having the cloned gene transcribed from the tet gene promoter of the vector was named pEEgne, and another plasmid with the fragment cloned in the opposite orientation was named pEEgne-R.
The galE/gne gene of Y. enterocolitica O:3 is present in pRV16, which contains the whole Y. enterocolitica O:3 LPS outer-core gene cluster cloned into pTM100 (39). The outer-core genes upstream of the galE/gne gene were deleted by partial digestion of pRV16 with BamHI followed by a complete digestion with BglII and ligation 4278 BENGOECHEA ET AL. J. BACTERIOL.
of the DNA. An E. coli C600 transformant that had lost the 10.4-kb BamHI-BglII fragment upstream of the galE/gne gene was isolated, and the resulting 7.6-kb plasmid was named pRV28. In pRV28, the galE/gne gene is transcribed from the tet gene promoter of the vector. Site-directed mutagenesis. Site-directed mutagenesis of the gne gene was performed by PCR (7). Plasmid pUC18-1 purified with a Qiagen minipreparation kit was used as a template, and the desired mutations were introduced by the primer pairs described in Table 2 . Amplifications were carried out in a 50-l reaction mixture using Vent DNA polymerase (New England BioLabs). The PCR was started with an initial 70-s incubation at 95°C, and then the steps (95°C for 50 s, 60°C for 75 s, and 72°C for 6 min) were repeated 20 times, followed by a 10-min extension time at 72°C. The obtained PCR products were gel purified, phosphorylated with T4 polynucleotide kinase, ligated, and digested with DpnI to break down any remaining template plasmid. The ligated PCR product was transformed into E. coli C600 by standard procedures (14) . Plasmid DNA was isolated from the transformants, and the gne gene was completely sequenced to confirm the generated mutations and to ensure that no other changes were introduced. The mutated gne genes were subcloned into pTM100 the same way described above for the construction of pEEgne and transformed into E. coli AD9.
Molecular modeling. A Y. enterocolitica Gne (Swiss-Prot number Q57301) model was made on a Silicon Graphics O2 workstation. The sequences of 76 UDP-glucose-4-epimerases and/or UDP-N-acetylglucosamine-4-epimerases were compared to assist in the identification of variable amino acids in these enzymes. The sequence alignments were performed using the programs MA-LIGN and MALFORM (17, 18) . The structure of Y. enterocolitica epimerase in complex with NADH and UDP-glucose was constructed using the X-ray structure of human epimerase in a ternary complex with NADH and UDP-glucose (Protein Data Base [PDB] number 1EK6) (45) as the structural template. In this structure, the C domain is more tightly clamped down over the active site upon substrate binding than in the E. coli complex structures, and thus, the active-site base could be identified (43, 44) . In order to compare the substrate-binding modes of Y. enterocolitica and E. coli enzymes, the structure of the E. coli enzyme was also modeled using the human ternary-complex structure as the template. In addition, two structural models of Y. enterocolitica epimerase were constructed using the X-ray crystal structures of a double mutant, S124A ⅐ Y149F, of E. coli epimerase in complex with UDP-glucose (PDB number 1A9Y) and UDP-galactose (PDB number 1A9Z), respectively (44) , as the structural templates to find the differences in the modes that UDP-galactose and UDP-glucose use to bind the epimerases. Five different models for each were made using the modeling program MODELLER (34) . From each set, the best model was selected by choosing the model with the lowest objective function, which describes the degree of fit of the model to the input structural data used in its construction, derived by the program MODELLER (34) . The volumes of the active-site cavities were calculated using SURFNET (22 (15) . Bacteria were grown overnight in TSB, subcultured (1:10) in 5 ml of TSB in a 15-ml Falcon tube, and grown till late log phase. Bacteria were collected by centrifugation in a microcentrifuge from a 1.5-ml aliquot of the cell suspension. The pellet was resuspended in lysis buffer (2% deoxycholate [DOC], 4% 2-mercaptoethanol, 10% glycerol, and 0.002% bromophenol blue in 1 M Tris-HCl buffer [pH 6.8] ) in a volume adjusted according to the optical density of the culture at 540 nm and heated at 100°C for 10 min. After that, 40 g of proteinase K (Roche) was added, and the suspension was incubated at 55°C for at least 2 h. Samples were stored at Ϫ20°C until analyzed by DOC-polyacrylamide gel electrophoresis (PAGE) as described previously (39) .
For chemical analysis, LPS was obtained from the dried cells by hot phenol-water extraction (48) and was purified by three repeated ultracentrifugation steps (each at 105,000 ϫ g for 4 h; yield, 139 mg; 1% of bacterial dry mass). LPS (110 mg) was hydrolyzed (100°C; 1.5 h) with 1% acetic acid (10 ml). After centrifugation (5,000 ϫ g) to remove lipid A, the supernatant containing the oligosaccharide fraction was concentrated by rotary evaporation and separated on a column (3.5 by 50 cm) of Sephadex G-50 eluted with pyridine-acetic acid-water (4:10:1,000 [by volume]). Two oligosaccharide fractions, I and II, were obtained (yields, 15.7 and 19 mg, respectively; representing 14.2 and 17.3% of purified LPS) and were subjected to chemical analysis. Samples (0.5 mg each) of fractions I and II were hydrolyzed (100°C; 18 h) with 4 M HCl (200 l). After the evaporation of the HCl, the samples were N acetylated, reduced with NaBH 4 , and O acetylated as described previously (16) . Alditol acetates were subjected to gas chromatography-mass spectroscopy analysis performed as previously described (16, 42) .
Enzymatic assays. (i) Preparation of cell extracts.
Cultures were grown in 15 ml of Luria-Bertani medium at 28°C overnight (typically, 20 h) with vigorous shaking (250 rpm). Cells were collected by centrifugation, washed once with 10 mM Tris-HCl (pH 8.8) , and finally resuspended in 60 l of the same buffer. To this cell suspension, 150 mg of glass beads was added, and the cells were broken by 10 cycles of vortexing (30 s) and incubation on ice (30 s). After that, the glass beads and cell debris were pelleted by centrifugation (16,000 ϫ g; 4 min; RT), and the supernatant was immediately used for the enzymatic assays described below.
(ii) UDP-N-acetylglucosamine-4-epimerase activity. The reaction mixture (final volume, 22.5 l) contained 2.5 l of the extract, 10 l of 10 mM Tris-HCl (pH 8.8) , and 10 l of 5 mM UDP-GlcNAc or UDP-GalNAc (Sigma Chemical Co., St. Louis, Mo.). The reaction mixture was incubated for 1 h at RT, and the reaction was stopped by adding 62 l of ice-cold 4 mM H 3 PO 4 in ethanol followed by a 30-min incubation on ice. The proteins were pelleted by centrifugation (16,000 ϫ g; 20 min; 4°C), and the supernatant was transferred to a new Eppendorf tube, dried in a SpeedVac concentrator, and stored at Ϫ20°C. UDPGalNAc and UDP-GlcNAc were detected by a Dionex high-performance anionexchange chromatography system (series 4500i) equipped with a CarboPac PA-100 anion-exchange column (250 by 4 mm) in combination with a CarboPac PA-100 guard column and 0.5 M sodium acetate in 0.1 M NaOH as the eluent. The eluted carbohydrates were detected with a pulsed amperometric detection system.
(iii) UDP-glucose-4-epimerase activity. The enzyme activity was measured as described by Moreno et al. (27) with some modifications. Briefly, the reaction mixture contained 4 to 5 l of the extract (3.5 g of protein/reaction), 10 l of 10 mM Tris-HCl (pH 8.8) , and 10 l of a 5 mM UDP-Gal solution. The reaction mixture was incubated for 1 h at 37°C, the reaction was stopped by addition of 2.5 l of 0.1 N HCl, and the mixture was immediately incubated for 15 min at 100°C to hydrolyze the formed UDP-Glc. The free glucose was determined as previously described (27) in Materials and Methods. The LPS of YeO8c-⌬WzzGB analyzed by DOC-PAGE showed a nonmodal random distribution of the O-antigen chain lengths in contrast to the modal distribution of chain lengths present in the LPS of the wild-type strain (Fig. 1, compare lanes 1 and 2) . It is noteworthy that this LPS phenotype was similar to that of other wzz mutants obtained in E. coli, Salmonella, and Shigella. Furthermore, membrane topological predictions of these Wzz proteins performed by the hidden Markov motif analysis for membrane-spanning domains (40) show that these proteins are predicted to have two transmembrane helices in the N and C termini spanning the cytoplasmic membrane and a large central region forming a periplasmic loop. Significantly, both the N-and C-terminal transmembrane helices could be identified in the Y. enterocolitica O:8 Wzz, and in addition, it also contains a characteristic proline-rich sequence overlapping the C-terminal transmembrane helix (8, 28, 29) . pTMWzzF, a plasmid containing the wzz gene transcribed from the cat gene promoter of pTM100, was able to complement the mutant YeO8c-⌬WzzGB (not shown), confirming that the phenotype described above was caused by the generated wzz mutation. (38) . The hidden Markov motif analysis for membrane-spanning domains of WbcE predicted 10 transmembrane helices, which is a common trait present in other Wzy proteins (9, 29) . Furthermore, other features, like codon usage and the low GϩC content of the wbcE gene, are similar to those of known wzy genes, suggesting that wbcE could encode Wzy. To confirm this hypothesis, the wbcE was inactivated and the mutant LPS phenotype was analyzed. The LPS of YeO8c-WbcEGB examined by DOC-PAGE showed an SR-LPS phenotype (Fig. 1, lane 3 Plasmid pTMWzyF, containing the wbcE gene under the control of the tet gene promoter of pTM100, trans-complemented the mutation of YeO8c-WbcEGB (not shown). Altogether, these data experimentally confirmed our hypothesis, and therefore, wbcE was renamed wzy.
In the light of these new data, we had to find an explanation for our previous results that led us to erroneously identify wzz as wzy (53) . In brief, we reported that E. coli containing the cosmid pLZ6020 (Table 1 ) expressed an LPS with the typical ladderlike phenotype of the Y. enterocolitica O:8 LPS (Fig. 2B,  lane 6) . However, E. coli C600(pLZ6010), a deletion derivative of pLZ6020, expressed an SR-LPS (Fig. 2B, lane 2 ; also see Fig. 5, lane 2) . Moreover, the migration of the LPS band in DOC-PAGE was the same as that of the first ladder of the LPS from C600(pLZ6020), and it reacted with a monoclonal antibody specific for the Y. enterocolitica O:8 O-antigen (not shown). These data were in good agreement with the LPS phenotypes of wzy mutants in other bacteria and furthermore argued that C600(pLZ6010) expressed a complete O-unit and not an incomplete O-unit lacking one distal sugar residue that would also prevent O-antigen polymerization. Based on these considerations, we concluded that the gene absent in pLZ6010 should be wzy, the O-antigen polymerase. However, we have shown above that in fact the missing gene in pLZ6010 was wzz, encoding the chain length determinant. To further complicate the situation, the true wzy gene is actually present in both pLZ6020 and pLZ6010. Therefore, we reasoned that the Ounit expressed by C600(pLZ6010) could not be identical to that expressed by C600(pLZ6020) and hence it would not function as a substrate for the Y. enterocolitica O:8 Wzy protein. This scenario was tested by chemical analysis of the LPS of C600(pLZ6010). After mild hydrolysis of the purified LPS, two oligosaccharide fractions were obtained. Chemical analysis revealed that fraction I contained sugars characteristic of the E. coli K-12 core oligosaccharide but also characteristic sugars present in the Y. enterocolitica O:8 O-antigen, although the latter were present in relatively smaller quantities. On the other hand, fraction II contained sugars present only in the E. coli K-12 core. Interestingly, the only hexosamine present in fraction I was GlcNAc. Therefore, the O-unit expressed by C600(pLZ6010) contained Fuc, Gal, Man, 6d-Gul, and GlcNAc, but not GalNAc, the natural constituent of the Y. enterocolitica O:8 O-antigen. This provided experimental evidence supporting our hypothesis that in C600(pLZ6010) the SR-LPS phenotype was due to the inability of Wzy to polymerize an O-unit with altered composition. This also indicates that UDPGalNAc is not available in E. coli C600. Presumably, E. coli WecA is the GlcNAc-transferase (1) responsible for the incorporation of GlcNAc into the O-unit expressed by E. coli C600(pLZ6010).
Gne, the UDP-N-acetylglucosamine-4-epimerase (EC 5. 1 Therefore, we asked whether the galE/lse gene provided UDP-N-acetylglucosamine-4-epimerase activity to crude cytoplasmic extracts of bacteria. The results obtained with different cell extracts are shown in Fig. 2A . No UDP-N-acetylglucosamine-4-epimerase activity was present in C600 extracts; neither UDP-GalNAc nor UDP-GlcNAc was epimerized. However, the epimerase activity was present in C600(pEEgne) extracts, and both UDP-GlcNAc and UDP-GalNAc functioned as substrates, showing that the reaction is reversible. As expected, very little or no epimerase activity was present in the C600(pEEgne-R) extracts. Significantly, the enzymatic activity was also present in the C600(pRV28) extracts. These results led us to conclude that both Y. enterocolitica O:8 and O:3 galE/lse genes encode a UDP-N-acetylglucosamine-4-epimerase, and they were renamed gne after the gene with the same function in Bacillus (10) .
In view of the biochemical data described above, pEEgne and pRV28 should trans-complement the SR-LPS phenotype of C600(pLZ6010), as they would contribute to the biosynthesis of the proper O-unit. To confirm this, both plasmids were mobilized into E. coli C600(pLZ6010), and the LPS phenotype was analyzed. As expected, the LPS expressed by C600(pLZ6010, pEEgne) and C600(pLZ6010, pRV28) had the ladderlike LPS phenotype characteristic of the Y. enterocolitica O:8 O-antigen (Fig. 2B, lanes 4 and 5) . In good agreement with the biochemical data, E. coli C600(pLZ6010, pEEgne-R) expressed SR-LPS (Fig. 2B, lane 3) .
Next, we wanted to determine if Gne also displays UDPglucose-4-epimerase activity, which might be possible, considering the high degree of similarity between Gne and the E. coli GalE protein (53% identity). To this end, plasmid pEEgne was transformed into E. coli AD9. This strain contains a deletion of the galE gene, producing a truncated LPS of the Rc type (see Fig. 4B , lane 5) due to the absence of the galactose residue required for the completion of the K-12 core oligosaccharide. Cell extract of E. coli AD9(pEEgne) showed UDP-glucose-4-epimerase activity that was, however, hardly over the background level. To confirm that Gne indeed has UDP-glucose-4-epimerase activity, we used a biological approach and asked whether Gne could restore the K-12 LPS core production of E. coli AD9. The LPS expressed by E. coli AD9(pEEgne) was similar to that of E. coli C600 (see Fig. 4B and compare lanes 4 and 6), strongly suggesting that Gne possesses enough UDPglucose-4-epimerase activity to complement the GalE defect and therefore allows the expression of a complete K-12 LPS core.
Identification of Gne residues critical for substrate specific- ity. We showed above that Gne is able to catalyze the interconversion of UDP-GalNAc and UDP-GlcNAc and, in addition, the interconversion of UDP-galactose and UDP-glucose, although the latter activity was clearly less efficient. Interestingly, the human UDP-glucose-4-epimerase (55% identical to Gne) is also able to catalyze both reactions, whereas E. coli GalE (53% identical to Gne) has only UDP-glucose-4-epimerase activity (46) . To find the molecular basis behind this substrate specificity, we constructed a structural model of Gne based on the crystal structures of the human and E. coli enzymes. A reliable model could be obtained due to the high degree of similarity to both human and E. coli epimerases and due to the excellent alignment of the sequences.
Similar to that of GalE, the overall structure of Gne consists of two distinct domains. The N-terminal nucleotide-binding domain is composed of a seven-stranded parallel ␤-pleated sheet flanked on either side by ␣-helices, and the C-terminal substrate-binding domain is composed of six strands of ␤-sheet and five ␣-helices. The substrate-binding cavity is located between these two domains. The C-terminal domain is clamped down over the active site upon substrate binding (45) . The active sites of the Y. enterocolitica, E. coli, and human enzymes are extremely similar. The conserved residues involved in glucose binding are Ser124, Tyr149, Asn179, Asn199, and Arg231 (Fig. 3A) . One additional residue, Tyr299, forming a hydrogen bond with the 6Ј-hydroxyl group, is implicated in glucose binding in the E. coli enzyme. This residue is not conserved in either the human or Y. enterocolitica sequences. In this position, there is a cysteine residue, Cys297, in Y. enterocolitica, but it is too far away from the glucose moiety to form a hydrogen bond with the 6Ј-hydroxyl group.
The aminoacetyl group of UPD-GalNAc and UDP-GlcNAc is bound into the C-2 position of the sugar moiety, but based on this structural comparison, no significant difference could be located near this position. However, the unique feature characterizing the epimerase reaction mechanism is the putative rotation of the 4Ј-ketopyranose within the active site. In order to be able to detect the effect of this rotation on the active-site interactions, the structural models of Gne in complex with NADH/UDP-glucose and NADH/UDP-galactose ( Fig. 3B) were constructed using the E. coli enzyme structures as templates (44) . In fact, the 2Ј-hydroxyl group of the galactose moiety is located near Cys297 in the structural model of the Gne/NADH/UDP-galactose complex (Fig. 3B) , whereas the much bulkier Tyr299 is the corresponding residue in the E. coli enzyme. Furthermore, this structural comparison revealed an additional nonconserved position in the active site of Gne, Leu136 (Fig. 3C) . The corresponding residue in the E. coli enzyme is another tyrosine, Tyr136, which is larger than the corresponding leucine residue (Leu144) in both Gne and human epimerase. Therefore, an empty space large enough to accommodate the aminoacetyl group can be detected in the active site of the Gne/NADH/UDP-galactose model (Fig. 3C) , whereas there is no space for the aminoacetyl group in the E. coli complex structure due to the presence of the Tyr136 and Tyr299 residues. Residues Leu136 and Cys297 in Gne were predicted to have an important role in substrate specificity.
In order to test this idea, three different site-directed mutant proteins of Gne were constructed, the single mutants Leu136Tyr and Cys297Tyr and a double mutant, Leu136Tyr ⅐ Cys297Tyr, and the epimerase activities of these variants in the E. coli AD9 background were tested (Fig. 4A) . Similar to E. coli C600, no UDP-N-acetylglucosamine-4-epimerase activity was detected in E. coli AD9. The activity became apparent in the E. coli AD9(pEEgne) extracts, and both UDP-GlcNAc and UDP-GalNAc functioned as substrates. However, the epimerase activity was completely absent in the extracts of E. coli AD9 strains expressing the Leu136Tyr, Cys297Tyr, or Leu136Tyr ⅐ Cys297Tyr variant, confirming the relevance of the absence of Tyr residues for the UDP-N-acetylglucosamine-4-epimerase function. On the other hand, both Gne variants with single mutations were able to complement the LPS phenotype of E. coli AD9, as the LPSs expressed by E. coli AD9(pEEgneY 1 ) (Fig. 4B, lane 3) and E. coli AD9(pEEgneY 2 ) (Fig. 4B, lane 2) were similar to that of E. coli C600 (Fig. 4B, lane 6) . These results indicate that both variants were still able to catalyze the UDP-glucose-4-epimerase reaction. Interestingly, the Gne double mutant Leu136Tyr ⅐ Cys297Tyr only partially complemented the LPS phenotype of E. coli AD9 (Fig. 4B, lane 1) , suggesting that the double mutation might have a subtle effect on the overall protein conformation, thereby affecting the enzymatic activity.
It is worth mentioning that residues Leu136 and Cys297 are also conserved in Y. enterocolitica O:3 Gne, whereas in Bacillus subtilis Gne (10,), the combination is Ile-Cys. These residues are also present in an E. coli O:113 enzyme located in the wb cluster that has recently been shown to display UDP-N-acetylglucosamine-4-epimerase activity (30) . This gene was also initially called galE because it encoded a product with a high degree of similarity to putative GalE proteins from a large number of bacteria. Therefore, we made a computer search for the presence of these critical residues in other proteins showing over 30% identity to Gne. Interestingly, most of them are called GalE in the databases. The following amino acid combinations were present in the respective residue positions 136 and 297 in 100 different proteins: Ala-Cys, Cys-Val, Ile-Cys, Ile-Leu, Ile-Val, Leu-Ala, Leu-Cys, Leu-Leu, Leu-Val, MetLeu, Leu-Ser, Pro-Ser, Thr-Met, Val-Cys, Val-Leu, Val-Met, Phe-Thr, Phe-Tyr, Tyr-Phe, Tyr-Ser, and Tyr-Tyr. Taking into account our modeling predictions, it is reasonable to speculate that proteins containing the underlined combinations will most likely have only the UDP-glucose-4-epimerase activity, whereas proteins containing the other combinations will have only the UDP-N-acetylglucosamine-4-epimerase activity or both. Future studies are required to confirm these predictions. We propose the use of two simple biological assays to get a first idea of the protein activity. A protein with UDP-glucose-4-epimerase activity should complement the LPS phenotype of E. coli AD9, whereas an enzyme with UDP-N-acetylglucosamine-4-epimerase activity should complement the phenotype of E. coli C600(pLZ6010).
O-unit specificity of Wzx, the Y. enterocolitica O:8 O-unit flippase. The ability of E. coli C600(pLZ6010) to express the SR-LPS is based on three prerequisites: (i) that Wzy is strictly specific for the O-unit to be polymerized, as demonstrated above; (ii) that Wzx has a relaxed specificity for the oligosaccharide to be translocated; and (iii) that the E. coli K-12 WaaL, the O-antigen ligase, has little or no specificity for the Oantigen to be ligated to the lipid A core. In fact, this feature of WaaL is the most likely explanation for the possibility of ex- VOL. 184 The LPS expressed by S874(pLZ6020) was similar to that of C600(pLZ6020) (compare Fig. 5 
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